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The ultrafast vibronic response of organic dye molecules in solution is studied in pump—probe
experiments with 30 fs excitation pulses resonarfeS, transitions. The molecular dynamics is
probed either by pulses at the same spectral position or by 20 fs pulses overlapping with both the
Sy—S; absorption and emission bands. Three contributions on distinctly different time scales are
observed in the temporally and spectrally resolved two-color measurements. In the regime below 50
fs, a strong coherent coupling of tBg—S,, and theS,—S; transitions occurs that is due to coherent
vibrational motions in the electronic ground state. This signal is superimposed on the fast bleaching
of the electronic ground state, resulting in a steplike increase of transmission. In the range of the
Sy—S; emission band, one finds a subsequent picosecond rise of transmission that is due to
stimulated emission from vibroni§; states. The data demonstrate that the relaxatids, atates
directly populated by the pump pulses is much faster than the buildup of stimulated emission. This
gives insight into different steps of intramolecular vibronic redistribution and is compared to the
S,—S; relaxation in other molecules. @996 American Institute of Physics.
[S0021-960626)02814-2

I. INTRODUCTION states at higher energies to those close to the purely elec-
tronic S; state.

Elementary excitations of large molecules in liquids This behavior was also found after excitation of high
show ultrafast relaxation dynamics that strongly influenceying singlet statesS, and is the basis of an empirical rule
the electronic and vibrational spectra of the molecules. Difformulated by Kasha stating that fluorescence originates
ferent phenomena have been distinguished and characterizf@m the first excited singlet stateA closer look shows that
in optical experiments: Optical excitation with coherent light S S, relaxation implies different processes. First, there is a
induces a coherent optical polarization of the molecules thagransfer of population from the optically coupled subset of
decays by phase-breaking interactions with the surroundstates to the dense manifold of other, nearly isoenergetic,
ing.*~*° For vibronic excitations, phase relaxation times invibronic states which belong either to the same or to other
the order of 10 to 60 fs have been measured by a variety ddlectronic states. The interaction between these two groups
techniques like time-resolved photon-echo spectrostdpy of levels has been attributed to nonadiabatic coupling terms
or hole burning: In the simplest approach, this behavior hasin the molecular Hamiltonian. In the so-called statistical
been described by the optical Bloch equations introducing #mit, nonradiative transitions rates in large molecules have
phenomenological phase relaxation tiffig More sophisti-  been calculated from Fermi's golden rdfeAfter the transfer
cated models were used to interpret the experimental results this intramolecular bath, redistribution processes within
in terms of the solute—solvent interaction, i.e., a variation ofthe vibronic manifold that include crossing of electronic po-
the vibronic transition frequency by fluctuations in the bath,tential surfaces, lead to a rapid spreading of population over
and have taken into account the non-Markovian character ahany levels and—finally—to the accumulation at the bottom
the bath respons¥’ For vibrational excitations, a consider- of the S, state. A theoretical description of the latter step is
ably slower decay of phase coherence was found, correrery difficult for large systems because of the high number
sponding to phase relaxation times of 0.5 ps up to severalf degrees of freedom involved in the overall relaxation.
picosecond&:®! Internal conversion from high-lying singlet states has

The redistribution of vibronic and vibrational popula- been studied in a few experiments on a time scale of 100
tions represents a second class of relaxation phenomena thatt’=° In some cases, upper limits for the redistribution
are important for the intramolecular equilibration of popula-times have been estimated from the pulse-limited response of
tion and for the transfer of energy from the solute to thethe moleculed! For rhodamine and oxazine dyes, overall
solvent®? In the following, we concentrate on the relaxation redistribution times of about 200 fs were resolved in two-
in electronically excited states. Vibronic relaxation wascolor pump—probe studies, monitoring the onset of stimu-
mainly studied in the first excited singlet state and occurs idated emission frons,.'®1° However, a separation of the
most cases on a time scale well below 1'p&:*Redistri-  different steps occurring along the relaxation pathway, in
bution within the large manifold of states leads to an irre-particular during and immediately after excitation was not
versible transfer of population by internal conversion frompossible because of the limited time resolution. In addition, a
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5762 Ashworth et al.: Vibronic excitations of large molecules

detailed theoretical description of such processes allowing a
guantitative analysis of the experiments is not yet available.
To get better insight into such phenomena, experiments with
higher time resolution are required which probe both the
initially excited manifold of states as well as the final levels
in the range of the electronis; state.

Very recently, we have reported the first two-color
pump—probe study of highly excited dye molecules in solu-
tion with a time resolution of 20 & Coherent interaction of
polarizations on vibroniS,—S,, and S;—S; transitions was
observed and attributed to a coupling via coherent vibra- —
tional motion in the electronic ground state. Molecules ex-
cited toS, levels showed a very fast bleaching of the ground
state and a slower_plcc_)second accur_nUIatlon _at the bOttOfT_] Q—ﬁG 1. Absorption(solid line) and fluorescence specti@ashed lingof the
the S, state, resulting in a delayed rise of stimulated emis-ye IR 125 dissolved in ethylene glycol. The molar extinction coefficient
sion. In this paper, we present new data on both the coherentd the fluorescence intensity are plotted as a function of wavelength. The

response and the latter step of radiationléﬁss relax- spectra show a small Stokes shift of about 430 tmnd an approximate
1 mirror symmetry. The spectral profiles of the 30 fs excitation pulses centered

ation. Two-color pump—probe studies with 20 fs time r€S0-5¢ 425 nm and the 20 fs probe pulses at 850 nm are shown on the abscissa.
lution were performed in wavelength ranges around 425 andhe insert gives a schematic energy level diagram of the molecules.
around 850 nm. The decay of the initially excit&d states
and the buildup of the emission spectrum was monitored in
spectrally and temporally resolved experiments. The datdarmonic serve as probe pulses. In the two-color experi-
give evidence that the time evolution of initially excited vi- ments, pump and probe beams travel collinearly and are fo-
bronic S, states occurs in less than 50 fs which is muchcysed with af =75 mm lens onto the sample, resulting in a
faster than the accumulation of molecules at the botto, of spot size of about 3@&m. In the measurements with probe
that proceeds with time constants of about 1 ps. These resulgises at 425 nm, pump and probe beam subtend a small
allow us to distinguish different processes of ultrafast vi-angle of about 5 deg. In the different experiments, the ratio
bronic relaxation. of pump to probe intensity was between 100:1 and 1000:1
The paper is organized as follows. After a brief descrip-and the polarization of pump and probe was parallel. Both
tion of the experimental techniques in Sec. Il, we presenpulses are precompensated in compressors made of fused
results of the different pump—probe experime(@ec. Il).  sjlica prisms in order to achieve minimal pulse length at the
The interpretation of our data is discussed in Sec. 1V, includsample. The pulse lengths were routinely monitored by auto-
ing a comparison to other work on the ultrafast response 0nd cross-correlation measurements at the sample position
large molecules in solution. Finally, we give a brief summarywith 100 um thick KDP and BBO crystals, respectively.
in Sec. V. After separation from the pump light, the transmitted
infrared probe beam is passed through==250 mm mono-
chromator and detected by a silicon photodiode either inte-
grally (zeroth order of the monochromatar spectrally re-
The pump and probe pulses used in our experiments amsolved with a bandwidth of 10 nm. The blue probe beam is
derived from a self-mode-locked Ti:sapphire laser pumpedlirectly monitored with a photomultiplier. To obtain a high
by a continuous-wave argon ion laser. The mode-locked ossignal-to-background ratio, the pump beam is modulated by
cillator with a cavity design similar to Refs. 21 and 22 pro- a mechanical chopper and the transmission changes of the
vides trains of 20 fs pulses centered at 850 nm with a repprobe are measured with a lock-in amplifier.
etition rate of about 90 MHz and an average power of upto  Commercially available IR125 was dissolved in ethylene
800 mW (pump power 8 W. The spectral profile of these glycol with a concentration of 810~ M. A free jet of the
pulses is plotted in Fig. 1. dye solution with a thickness of 70m was used in order to
Excitation pulses at 425 nm are generated by frequencyninimize thermal effects in the sample. The maximum ab-
doubling the main fraction of the laser outgtitAfter pass-  sorbance of the sample was 0#t the S,—S; absorption
ing the output coupler of the laser, the fundamental pulsenaximum), resulting in negligible reshaping of the spectra of
train is recompressed and focused with=a75 mm lens onto  pump and probe pulses, i.e., propagation effects due to
a 400 um thick BBO crystal. The second harmonic with an changes of the pulse spectra are not relevant in our experi-
average power of up to 40 mW is recollimated witfia50 ments. In the measurements, a small fraction of the mol-
mm lens and travels through a second prism compressoecules(about 10°) in the irradiated volume of the sample
After recompression, the pulse duration was 30 fs. The spe@re excited toS, states by each individual pulse. For this
trum of the blue pulses is shown in Fig. 1, the bandwidthweak excitation, cumulative pump—probe signals which are
(FWHM) has a value of 11 nm. caused by the combined interaction of successive pump
In the pump—probe experiments, either a small fractiorpulses(separation 11 nswith the sample, can be neglected.
of the fundamental laser output or a weak part of the secon@his conclusion is confirmed by measurements with different
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Il. EXPERIMENTAL TECHNIQUES
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) | ith 30 f . FIG. 3. Spectrally and temporally resolved transmission changes plotted on
FIG. 2. Time resolved pump—probe data n_1easured with 30 fs excitation &} () femtosecond antb) picosecond time scal@xcitation wavelength 425
425 nm. The change of transmissia/To=(T—To)/T, is shown as a nm). The probe pulses centered at 850 nm were spectrally dispersed after

function of delay ime(T,To: transmission of the sample with and without ;05 ction with the samplédetection bandwidth 10 nmThe transients in
excitatior). The upper tracéopen circleswas recorded with probe pulses at (a) show a coherent component at early times and a steplike increase of

425 nm. The lower transier$olid circles was measured with the spectrally yansmission in the range of ti8s—S, absorption band. The picosecond rise
integrated probe at 850 nm. In the inserts, the initial parts of both curves arg, (b) follows a Kinetics with a common rise time of 1.2 fsolid lines at

plotted on an expanded time scale. the different spectral positions and is due to increasing stimulated emission
from the S; state.

flow speeds of the dye jet, i.e., exchange rates of sample

volume that give identical results. like increase of transmission extending well into the picosec-
ond regime. In the upper inset, the signal during the first 200
Il EXPERIMENTAL RESULTS fs is plotted on an expanded scale, demonstrating that the fast

transmission peak is essentially pulse limited. It is observed

The absorption and emission spectra of IR125 dissolveéh measurements with parallel polarization of pump and
in ethylene glycol are displayed in Fig. 1. TBg-S,; absorp-  probe pulses and decreases significantly for orthogonal po-
tion band and the&s;—S, emission band show a relatively larization. This finding points to the coherent character of
small Stokes shift of 430 ciit and are close to mirror sym- this contribution which is related to the third order nonlin-
metry. This behavior differs significantly from other dye earity of the dye molecules.
molecules emitting in the near-infrared, e.g., styryles, and The second transient in the lower part of Fig(sdlid
points to a relatively rigid molecular structure in which the circleg was measured with a spectrally integrated probe
modes coupling to theS,—S; transition undergo minor pulses centered at 850 nm. After a very fast initial rise of the
changes of their frequency or Franck—Condon factor upomsignal that occurs on a similar time scale as the coherent
electronic excitation to th&,; state. TheS;—S; transition  spike in the 425 nm data, a much slower increase of trans-
shows a very high molar extinction coefficiehaximum  mission is observed. The signal reaches a maximum after
value 2<10° dm® mol™tcm™1) whereas theS,—S, transi-  about 3 ps and decays subsequently with the lifetime of the
tions pumped by the excitation pulses in the time-resolved, state of 460 ps. This latter value was measured in an
experiments are considerably weaker. independent experiment with picosecond excitation of the

In the following, we present data measured with probemolecules at 684 nm and streak camera detection of the re-
pulses ah,=425 or 850 nm. In the latter case, the full probe sulting fluorescence. It should be noted that the picosecond
spectrum overlaps with both the absorption and emission afise of the signal is absent in the time-resolved data taken at
the Sy—S; transition. In Fig. 2, the time resolved transmis- 425 nm.
sion changead T/T,=(T—T,)/T, measured with spectrally Much better insight into the different contributions to the
integrated probe pulses are plotted as a function of time ddransmission signal is gained by spectrally resolving the
lay between pump and prob@,T,: transmission of the probe pulses in the two-color experiment. In Fig. 3, the time-
sample with and without excitatipnThe data recorded at resolved response is plotted for 10 nm wide spectral compo-
A\pr=425 nm (upper trace: open circlgshow a very short nents of the probe between 800 and 890 nm. The data for the
spike around delay zero which is superimposed onto a stegirst 200 fs[Fig. 3@)] exhibit a fast coherent contribution,
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o . the probe pulses. Both &) 800 nm andb) 820 nm an oscillatory behavior
Delay Time (fs) is observed on a time scale outside pump—probe coincidence. On the left

hand side, the time-resolved data are shown as solid circles. The solid line is
FIG. 4. Temporally and spectrally resolved data at a probe wavelength o# simulation of the steplike increase at early times and the picosecond rise of
800 nm measured with chirped and unchirped excitation pulses at 425 nnthe signal. The downwards shifted traceslid lineg represent the data
The linear positive chirp, i.e., increasing frequency with tifeelid circles minus simulation curvecf. Fig. 3b)]. The corresponding Fourier trans-
in (@], and negative chirpopen circles in(b)] of the pump pulses was form plots(FFT) of the data-minus-simulation traces are shown on the right-
introduced by changing the alignment of a prism compressor. In both casesand side.
a broadening of the signal rise observed with unchirped pus@i lineg

is found which is due to the associated pulse lengthening. The peaklik . . .
structure around delay zero is more pronounced for pump pulses with negi(-)nger than the cross-correlation width. Spectrally dispersed

tive than with positive chirp. data at(a) 800 nm andb) 820 nm are shown in Fig. 5. To
emphasize these oscillations we subtracted the calculated
solid lines in Fig. 5 from our time-resolved dataolid
the shape of which depends on the specific spectral positiorjrcles. The calculation, which is based on a rate equation
and—at the shorter wavelengths—a steplike increase ahodel, simulates the incoherent molecular response by a first
transmission. The coherent component is related to a Ramaimstantaneous rise of transmission and a consequent delayed
type excitation of the electronic ground sfitas will be  component with a rise time of 1.2 ps. The lower tracssid
discussed below, whereas the steplike transmission changelises) on the left hand side of Figs(& and §b) represent
due to the(incoherenk bleaching of the electronic ground the extracted oscillations. The Fourier transforms of these
state. time traces are plotted on the right hand side of Fig. 5. At the
Substantial changes of the coherent signal occur when short-wave edge of the probe puld€sgs. 5a) 800 nm and
finite frequency chirp of the pump pulse is introduced. In5(b) 820 nm one recognizes a similar pattern in the low
Fig. 4, we present spectrally resolved pump—probe data dtequency part of the Fourier spectfato 200 cm'Y). As will
Apr=800 nm for pump pulses with positive chirp, i.e., in- be discussed below, these oscillations are due to a coherent
creasing frequency with timesolid circles in Figs. &), and  vibrational motion in the electronic ground state of the mol-
4(b)] negative chirgdopen circles in Fig. é)] compared to ecule caused by a Raman-type excitation by the pump
data without chirp[solid lines in Figs. 4a) and (b)]. The pulses.
desired linear chirp of the pump pulses has been introduced The spectrally resolved data taken for picosecond delay
by changing the alignment of a prism compressor which hadimes[Fig. 3(b)] show the same slow rise of transmission as
been calibrated by introducing defined pieces of fused silicghe spectrally integrated measurement in Fig. 2. Within the
glass into the optical path. With negligible chirp, one ob-experimental accuracy, the rise occurs with the same time
serves a sharp peaklike structure of positive sign. After chirpeonstant of 1.2 pgsolid lines: monoexponential fitat the
ing the pump pulses, a broadening of the femtosecond rise different wavelengths. From the full set of time-resolved
found for both(a) up and(b) down chirp which is due to the data, we derived the transient spectra presented in Fgs. 6
pulse lengthening by chirping. In addition, we observe aand b) (symbolg. The fast bleaching component at a delay
weakening of the peaklike structure around delay zero whictime of 80 fs is shown in Fig.(@). The transient gain spectra
is more pronounced for the positive chifpolid circles in  [shown in Fig. §b)] were calculated from the amplitudes of
Fig. 4@)] than for the negative chirpopen circles in Fig. the overall transmission change at a fixed delay time by sub-
4(b)]. tracting the bleaching component observed at 80 fs. The gain
At the spectral edges of the probe pulses, the transiersipectra are normalized to the maximum signal observed after
data exhibit an oscillatory behavior on a time scale muchb ps. Solid lines are included for each delay time as a guide
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S — A. Coherent contributions

c
% | (@) Bleaching after 80 fs Both the one-color transient recorded with probe pulses
§ T at 425 nm(upper trace in Fig. Rand the two-color pump-
< probe data(Fig. 3) exhibit coherent features around delay
g 1 zero. At some spectral positions, oscillations persist into the
z picosecond regime.
3 (i) One-color experiment at 425 nm: The pulse-limited
@ P transmission peak in the one-color data is present for parallel
c L (b) Gain ¢ 02ps { polarizations of pump and probe but decreases substantially
2 o 0.7ps for orthogonal polarizations. This points to the coherent char-
£ 1or - i acter of this signal which is dominated by the nonlinear co-
P ° herent coupling of pump and probe pulses. Degenerate four-
g 05k " ] wave-mixing (DFWM) in the geometry of slightly crossed
2 beams makes the strongest contribution to this signal. Within
§ the electronic dephasing time of tg—S, transition, a tran-

0.0 . ; — sient grating is formed by pump and probe pulses in second

750 800 850 900 order through which part of the pump wave is diffracted into

the probe direction and enhances the probe intensity. In ad-
dition, there may be coherent contributions due to a pump
FIG. 6. (a) Steady state absorption spectr(solid line) of IR 125. The solid  interaction perturbed free induction decdFID) of the co-
circles show the ground state bleaching observed 80 fs after the pump puldgerent polarization created by the probe w&v the case

[cf. Fig. 3@)]. (b) Steady statésolid experimental line extending from 780 of a smalll detuning with respect to the pure electronic tran-
to 910 nm and transient emission spectra of IR 125. The transient spectra

were derived from the spectrally and temporally resolved measurements oﬁ't'on* these terms lead to a transmission Peak apd QSC'"a'
the picosecond time scalef. Fig. Ab)] and reveal the buildup of stimulated tions around delay zer@referred to as detuning oscillations
emission from thes, state. Smooth solid lines are given for each time delay jn Refs. 25—27.

as a guide to the eye. The blueshift of the band for Sgudid squares (i) Two-color experiment. The very fast oscillatory fea-
compared to the steady state spectrum is due to the incomplete solvation of )

the excited molecules in the polar solvent ethylene glycol, occurring on dure in the spectrally resolved dageft hand side of Fig. B
slower time scale. is due to the coherent motion of a vibrational wave packet in

the electronic ground stat§, that is excited by the pump
pulse via resonant impulsive stimulated Raman scattering
(RISRS.1%20 A first interaction of the electric field of the
2 R | "~ pump pulse with theS,—S, transition creates a coherent
line in Fig. 6a)] and the spectrum of stimulated emission g|ecironic polarization between the two potential surfaces

[solid experimental line in Fig._(ﬁ)] are shown. The latter (butno population change In terms of wave packet dynam-
was calculated from the experimentally observed spontangzg this is equivalent to a projection of a vibrational wave
ous emission spectrum. The transient gain spectra follow e?-

Wavelength (nm)

to the eye. For comparison, t8g—S, absorption banfsolid

. o acket consisting of the modes which couple to the elec-
sentially the steady state emission spectrum. However, the fonic transition from theS, to the S, potential surfacé®2®

is a blue shift 9f _approxmatel.y 10 nm compared to theThere, it propagates according to the vibrational Hamiltonian
s_teady state emission band. Th!s result is relat(_ad to the reI%T the respective electronic stat®, while the coherent
tively slow solvation of the (_axcned. molecules in the polarso_sj excitation is damped with the electronic dephasing
solvent ethylene glycol as will be discussed below. time T, ,~10-60 fs. WithinT, ., a second interaction of the
pump pulse with coherently excited molecules projects the
displaced vibrational wave packet back to the potential sur-
IV. DISCUSSION face of the electronic ground state creating a coherent vibra-
tional motion inS,. Effective impulsive Raman excitation is
The experimental results are now discussed by analyzingiade possible by the large bandwidth of pump pulS€
the time-resolved data on the different time scales separatelgm ). The vibrational modes most efficiently excited by an
For the two-color experiment the transient signal consists ofmpulsive Raman process have frequencies within this 700
several componentgl) coherent oscillatory contributions cm ! range.
around delay zer¢—50 fs<tgeoy<+50 fs) and much weaker The multidimensional vibrational wave packet propagat-
coherent oscillations at later time®) bleaching due to the ing in theS; state broadens rapidly and is eventually damped
depletion of the electronic ground stafg, (3) stimulated by vibrational dephasing of the individual modes with time
emission after accumulation of excited molecules at the boteonstantsT, ,;, of 0.2 to 2 ps. The spreading of the wave
tom of theS; state,(4) solvation in ethylene glycol, an) packet on a 50 fs time scale is due(tp the different time
fluorescence decay of ti& state. The transient signal of the evolution of the modes involved according to their vibra-
one-color experiment displays a very short spike around zertional frequencies, andi) to initial phase shifts that result
delay and steplike ground state bleaching. from the different shifts of the excited state potential minima
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along the different vibrational modes. The wave packet rep-
resents a nonstationary perturbation of the ground state vi-
brational wave functiot?**which is visualized via the probe
pulses resonant to tHi&—S, transition. Mediated by the co-
ordinate dependent distance between3hand S, potential
surfaces, the evolution of this nonstationary perturbation is
mapped out by the various frequency components of the
probe pulse$Fig. 3@]. The bottom of theS, potential sur-
face is monitored by the short-wave edge of the probe band-
width whereas the longwave edge is due to transitions in the
displaced wave packet region. This causes an enhanced
transmission from 800 to 820 nm and a pronounced induced
absorption from 840 to 890 nm as shown in Figa)3

The initial wave packet dynamics induced by RISRS can
be controlled by a chirp on the pump pulses. As shown in
Figs. 4&) a.md 4b), we observe a distinct depgndence of theFIG. 7. Raman spectrum of a 1OM solution of IR 125 in ethylene glycol
peaklike signal around delay zero on the chirp of the pumpifier excitation with the 1064 nm light of a cw Nd:YAG laser. The raw
pulses. In comparison to the curves with negligible chirpRaman spectrum contained large contributions from solvent scattering and
(solid line9, data recorded with pump pulses of negativedye fluorescence. These were subtracted to obtain the spectrum shown.
chirp [open circles in Fig. )] exhibit a stronger coherent
Raman-type excitation than the data with opposite chirp obuch spectra. We therefore recorded Raman data under non-
the same magnitudesolid circles in Fig. 4a)]. This behavior resonant conditions. Figure 7 shows the Raman spectrum of
can be easily understood in terms of wave packet dynamics 10 2 M solution of IR125 in ethylene glycol after excita-
The excited wave packet on tI8 potential surface propa- tion with a continuous-wave Nd:YAG lasék=1064 nn).
gates along the vibrational coordinates, in general, from reThe raw spectrum contains contributions from both the dye
gions of largerS,—S, separation to a region with a smaller fluorescence and the Raman scattering of the solvent. By
separation. Consequently, excitation pulses with negativeomparison of spectra measured for various dye concentra-
chirp couple coherently to th§,—S; transition longer than tions, the Raman spectrum of the dye molecules shown in
pulses of opposite chirp. The longer interaction time leads td-ig. 7 was deduced. About 20 lines of comparable strength
a tighter focusing of the wave packet in the electronic groundare found in the frequency range from 600 to 1700 tm
state which is tantamount to a more pronounced cohererfthe spectrum of Fig. 7 is close to the Raman spectrum of
Raman-type excitation. A similar result was reported recentlf{R125 adsorbed on graphite for fluorescence quencHing.
for one-color experiments on the dye LD6%0. The latter was measured with excitation at 784 nm, fully

Additional recurrences of wave packet propagation atresonant to theS,—S; transition. A second spectrum re-
later delay times are strongly damped in the time-resolve@orded with excitation at 514 nm, i.e., preresonant to higher
data due to the rapid spreading discussed above. Neverthlging singlet states, contains a subset of about ten lines
less, the spectrally and time resolved data in Figa) &  present in the Raman spectrum measured in resonance with
5(c) which were recorded at the spectral edges of the probthe S;—S,; transition. We conclude from the Raman data that
pulses, show an oscillatory behavior on a longer time scaleribrational wave packets created by RISRS in the electronic
As described in Ref. 31, the observed phenomenon is due fground state are made up of a relatively large number of
an amplification effect of oscillations in the nonlinear third medium to high frequency modes, leading to the rapid
order polarization at the edges of both the probe spectrurgpreading on the ground state potential hypersurface as
and theS,—S,; absorption spectrum. By subtracting the simu-found in our time-resolved measurements. This situation is
lated curves of the picosecond kinetics, we extracted the osuite similar to the one found in previous picosecond work.
cillatory traces which are shown as solid curves below thdn these experiments wave packets with contributions from
original data on the left-hand side of Figgaband(b). The  many coupled vibronic eigenstates in anthracene were ex-
Fourier transforms of these oscillations which are displayeaited and the transient signals showed an initial decay with
on the right-hand side of Fig. 5, reveal strong resonances atearly pulse limited shape. Consequently, small oscillatory
low frequencies of 50 and 170 ¢rh These resonances are signals with an amplitude of less than 10% of the total signal
due to vibrational modes of the molecule or of the molecule-were seen.
solvent system with particularly long dephasing times  Recently, both time resolved pump—probe recordings
(T¥P=0.5 to 2 p3. and resonance Raman spectra were reported for nilélue

In principle, the vibrational modes coupling to the and malachite greeft. Nile blue shows persistent regular
So—S, and theS,—S; transitions can be identified by reso- oscillations in the time trace with one single Fourier compo-
nance Raman spectroscopy at the respective spectral posient at 586 cm'. A mode at 590 cm' is found to dominate
tions. Suppression of a strong background due to fluoreghe resonance Raman spectrum. For malachite green a very
cence from the dye molecules and/or impurities in theirregular structure is found in the pump—probe trace that de-
sample were the main experimental problems in recordingreases to less than half of the maximum signal within 100

IR125
Aoy = 1064 nm

T T T T T T ! i !
500 1000 1500 2000 2500

Raman Shift (cm™)

J. Chem. Phys., Vol. 104, No. 15, 15 April 1996

Downloaded-08-Feb-2011-t0-139.222.112.63.-Redistribution-subject-to-AlP-license-or-copyright;=see-http://jcp.aip.org/about/rights_and_permissions



Ashworth et al.: Vibronic excitations of large molecules 5767

fs. At the same time, the resonance Raman spectrum displaysave packet into other regions of the potential
a multitude of lines similar to IR125. This comparison nicely hypersurfacé® Furthermore, redistribution of vibrational ex-
supports the notions discussed above for the explanation aftation within theS, vibrational manifold which is caused
the fast damping of the oscillatory signal components. by anharmonic interactions and internal conversion pro-
It is important to note that our two-color experiments cesses to other excited electronic states, deplete the optically
allow the selective study of coherent wave packet motion ircoupled Franck—Condon region of tH&-—S, transition.
the electronic ground state. This fact is in contrast to variouguch processes quench the stimulated emission from the ini-
other pump—probe experiments on the 10 fs and longer timgally excited S, states on a time scale shorter than about 50
scale&® where the ultrashort pump and probe pulses are at & and suppress recurrences of the wave packet.
common wavelength and ground and excited state dynamics (ii) In the two-color experiment, the subsequent time
is not separable. Furthermore, the use of well-separated exvolution of theS,, population is monitored via stimulated
citation and probe wavelengths reduces the number of coremission from vibronicS, states, showing a delayed rise
tributions to the third-order optical response of the moleculesvith a time constant of 1.2 ps. The gain at the different
significantly. As a result, effects like coherent detuningspectral positions follows the same kinetics, as can be seen

oscillation$®~?” can be completely neglected. from the data in Fig. ®). The transient emission bands plot-
ted in Fig. @b) were derived from the total transmission
B. Bleaching due to ground state depletion change at fixed delay time by subtracting the amplitude of

After delay times of about 100 fs the coherent contribu—gr.ou.nd state ble_achmg at a delay time qf 8_C[Ilsg. 6a)].
. . Within the experimental accuracy, the emission spectrum de-
tions to the signals are strongly damped and subsequent tran- . e U
) : : ._yelops without shifting or changing its shape.
sient signals are therefore governed by incoherent dynamics. . .
A number of relaxation steps are responsible for the de-

The latter is due to molecules excited to vibrofiglevels. laved rise of stimulated emission frod levels. First. poou-
The time resolved pump probe data at 425 (upper trace in year . .031 iy » POP
I?tlon is transferred from the initially excite8, states to

Fig. 2) show an essentially constant transmission increase fovibronic S, levels by internal conversion processes. This re
delay times>100 fs. The absence of any dynamics in the L y P '

subpicosecond or picosecond regime gives evidence that tllu I;(fztr'g:t stgi(:;/grgleedct?gngzestr;?::(:r?g?acn Corgzl(';;% Ziettr:/é?ebn
steplike transmission increase has to be attributed exclu- P y

sively to ground state depletion. Ground state bleaching ifequentlal stepS, =S, _;.....— S, or by direct coupling be-

also observed in the two-color experiment. The spectrum of. ¢ the initially excited states and tSg manifold. Our
data give no detailed insight into the different pathways.

this signal which is shown in Fig.(8) for a delay time of 80 L . :
R : o However, the fact that the initie, population disappears
fs (solid circleg has been determined quantitatively from themuch faster than the build-up &, population demonstrates

measured amplitude of the signal, the concentration of ex: . . X ;
cited molecules, and the sample thickness. The error of thE%hgtrg][g ﬁgﬂ?ﬂpugatgoni of thSe ?elrlgigétlioenxcllrfﬁarsrfsltssulg rnroet

absolute values is abodt20%. By comparison the relative distribution tov?/ardsr,) z;snaaéie uilibriurﬁ distribution of vi
uncertainty of data at different spectral positions is negli- d q

gible. The transient bleaching follows exactly the :stationarybronlcsl populations and energy transfer from the dye mol-

absorption band of unexcited moleculéslid line). This ecules to the surrounding solvent represent a second class of

very good agreement demonstrates that excited state absorg?r:ilgsaitc')?]n ?;ZCszZiSnciet:frrng?estEZ ;nse;f ?;eSt(Iemml:Lastii(rj]
tion from S; to higher singlet levels is negligible in this . y hing

spectral range. The bleaching is a constant contribution to thégi(e:mtjjzlri][bcr]icﬁrilge;x?:(i?;]tijrl:go%‘iif \t/?ti’;:ir:)enr; ';:gez'gcgﬁ'cﬁ:t
overall signal on the picosecond time scale and eventuall 9 piing

; e 10 the electronicS;—S, transition.
decays with thes, lifetime of 460 ps. To get some information on the electronic states possibly

involved in theS,—S; relaxation and on the position of the
different electronic transitions, quantum-chemical calcula-
tions based on a ZINDO method were performed for IR125
(i) One-color experiment at 425 nm: A possible contri-and oxazine £/ For IR125, the photon energy of the excita-
bution of stimulated emission from excited electronic stategion pulses is close to th&; level. The calculated spectra
S, to the pump probe signaupper trace in Fig. Pmight  show five groups of absorption lines at 320, 370, 450, 500,
only occur within the first 50 fs temporally overlapping with and 750 nm. This pattern is in qualitative agreement with the
the coherent effects discussed above. In terms of wavposition of resonances in the absorption spectrum of Fig. 1.
packet dynamics on the excited potential surface, this pro- In a sequential scheme f@&,—S, internal conversion,
cess is equivalent to a fast movement and/or spreading of thbe S,—S, relaxation represents the final step. For IR125, the
excited wave packet away from the optically coupledcalculation gives a large energy gap betweenShand S;
Franck—Condon region of th§,—S, transition. Any devia- state of about 5700 chl. In contrast, the calculate®,—S;
tion of the ground and excited state potential surfaces fronseparation in oxazine 1 has a smaller value of 3000%cm
the idealized displaced harmonic oscillator mo@del., linear  The time constants d§; population as determined from the
electron—phonon couplingeads—already during the excita- onset of stimulated emission are 1.2 ps for IR125 and 200 fs
tion process—to a fast propagation of the multidimensionafor oxazine 1'% The pronounced decrease of the relaxation

C. Stimulated emission from S, and evolution of the
S; emission band
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time for a smallelS,—S,; gap is in qualitative agreement with emission undergoes a 10 nm redshift caused by solvation in
semiempirical energy gap la#s® which predict an expo- the solvent ethylene glycol. The emission from Bestate
nential decrease of the relaxation time for smaller energylecays with a lifetime of 460 ps.

gaps. Thus the differer8,—S; relaxation rates of IR125 and

oxazine 1 might be related to the rate-limitiBg—S; internal
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